We report on the design and realization of custom quartz tuning forks with different geometries and sizes aimed to improve the photoacoustic effect in quartz-enhanced photoacoustic (QEPAS) sensor systems. A detailed analysis of the piezoelectric properties in terms of resonance frequencies, quality factors, gas damping was performed.
INTRODUCTION
Sensitive and selective trace gas concentrations measurements are crucial tools for the investigation and monitoring of a wide variety of physical processes in industrial and environmental monitoring, combustion processes, detection of toxic and flammable gases, as well as explosives, atmospheric science and medical breath sensing. Techniques based on laser absorption spectroscopy for trace gas sensing [1] , compared to other techniques, are considerably faster with response times of <1 s, offer high gas specificity, capable of part-per-quadrillion (ppq) detection sensitivity [2] and permit real time in-situ measurements. One of the most robust and sensitive trace-gas optical detection techniques is photo-acoustic spectroscopy (PAS), which is capable of extremely high detection sensitivities with a compact and relatively low-cost absorption detection module (ADM) [3] . In PAS, incident optical radiation is absorbed by the gaseous medium, causes subsequent heating, which gives rise to thermal expansion of the medium. Hence, if the incident radiation is modulated in the audio frequency range the absorption results in sound generation, which can be detected using sensitive low-noise microphones. Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an alternative approach to photoacoustic detection of trace gas utilizing a quartz tuning fork (QTF) as a sharply resonant acoustic transducer to detect weak photoacoustic excitation and allowing the use of extremely small volumes [4, 5] . Such an approach removes restrictions imposed on the gas cell by the acoustic resonance conditions. A quartz crystal is a natural candidate for such an application. This material is mass-produced and therefore inexpensive. Electronic watches, smartphones, digital electronics, and synchronization for asynchronous communications are built around high-Q QTFs as frequency standards. Usually QTFs with a resonant frequency of 2 15 or ~32,768 Hz are used in this application. A QTF behaves as acoustic quadrupole in which case only the anti-symmetric mode is piezoelectric active (in which case the prongs move in opposite directions). Standard QTFs possess a Q ≈ 100,000 or higher when encapsulated in vacuum and a Q ≈ 10,000 at normal atmospheric pressure. Furthermore, a QTF provides good environmental noise immunity, since the only way to cause the QTF to resonate via the photoacoustic effect is to produce sound waves from a source located between the two QTF prongs. Further enhancements of the QEPAS signal is achieved by means of a micro-resonator (mR), if the incident sound waves are confined in the mR. A typical acoustic mR consists of two thin tubes aligned either perpendicular or parallel to the QTF plane. Different QEPAS configurations have been demonstrated, such as on-beam [4, 6] , off-beam [7] , modulation cancellation [8] , and evanescent wave QEPAS [9] . In Fig. 1 a schematic of the QEPAS on beam configuration for a bare QTF is shown. The laser beam is focused between the prongs of the QTF, its wavelength is modulated at the resonant frequency f0 of the QTF or f0 /2 frequency and the current signal generated via piezoelectric effect is fed via a transimpedance amplifier to a lock-in amplifier, that demodulates the QTF response at f0. Spectral data can be acquired if the laser wavelength is scanned across the selected gas absorption line. To date, almost all QEPAS sensors reported in literature exploit "standard" QTFs. QEPAS sensors employing standard QTFs and operating in the spectral wavelength range 1-10 µm have been demonstrated. 5 However, there are two main factors that pose limitations to the use of standard QTFs: 1) QEPAS signal depends strongly on the energy relaxation rates associated with the absorption gas species.
Hence, low signals are obtained when working with slowly relaxing gases such as NO or CO with a QTF having resonance frequency of ~ 32.76 kHz. In order to increase the signal, the addition of appropriate gas relaxation promoters (such as H2O, SF6) is necessary, which modify the original gas mixture sample. 2) Standard QTFs are characterized by a very small sensitive volume between their prongs (~0.3×0.3×3 mm 3 ). Furthermore, the use of light sources with a poor beam quality or emitting in the THz spectral region ( > 30 µm) requires adequate focalization of the excitation beam between the prongs (300 μm spacing). The incident radiation must not hit the QTF, as otherwise an undesirable non-zero background arises, which can be several times larger than the thermal noise level of QEPAS sensor, thereby strongly limiting the final detection sensitivity [10, 11] . Therefore, the use of QTFs with larger prong spacing is necessary in order to extend the QEPAS operation to poor beamquality radiation sources (LEDs) and in the THz range. Recently, the first demonstration of a QEPAS sensor employing a custom QTF having the same geometry as the standard QTF, but six times larger in size, with a space of ~ 800µm between the prongs has been reported [12, 13] . With the aim to investigated different QTF geometries in terms of spacing between the prongs, and length and thickness of the two prongs we have realized four different types of QTFs. A detailed description of the design and characterization of these innovative optoacoustic transducers follows.
QTF DESIGN REALIZATION AND CHARACTERIZATION
Starting from z-cut quartz wafer, standard photolithographic techniques were used to etch the QTF [14] . A 450Å/2500Å Chromium/gold layers were deposited on both sides of the QTF for electrical contacts. In table 1 are reported the main geometrical parameters. The thickness of the QTFs is T=0.25 mm. A picture of one of QTFs realized is shown in figure  2 . In order to employ these custom QTFs in a QEPAS sensing system we have to verify that they behave like a standard tuning fork transducer in terms of resonance frequency and quality factor. The basic principle of a tuning fork is well known: two prongs connected at one end make a resonator, whose resonance frequencies are defined by the properties of the composing material and by its geometry. The resonator is fixed on a holder structure. The available resonance frequencies of the tuning fork can be found analytically by considering one arm of the fork as a cantilever-vibrating prong. In the fundamental flexural mode of oscillation, the tines move in opposite directions and the center-of mass of
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Gas Sample current QTF the fork remains unchanged. This flexural mode vibration can be modelled by considering that each arm of the tuning fork behaves as a clamped prong. In this analysis, the frequency of the vibration modes is obtained by including a free-motion condition on one boundary of the prong and a clamped condition on the other (clamped-free boundary condition) and then solving for the propagation of the shear acoustic wave. 
where E is the Young modulus of the QTF material, I the moment of inertia of the prong and A the cross sectional area of the prong, ρ is the density of the material, t is the time and x and y are the longitudinal and crossed directions with respect to the prong. Eq. (1) can be solved and imposing boundary conditions for the supports of the cantilever prong, the eigenfrequencies will be given by:
where = √( / ) is the radius of gyration of the prong cross section, that for a bar with rectangular cross section, as in our case, is equal to 1⁄√12 times the thickness. The other important parameter to keep in consideration is the quality factor = / of the resonator, where f is the resonant frequency and ∆fFWHM is the full-width-half-maximum of the peak resonance profile. In order to place in evidence the dependence of the Q-factor value in vacuum from the geometrical parameter of a QTF, it is useful to consider that for small amplitude oscillations, the description of the fork as a three dimensional solid can be reduced to a single coordinate. With a sinusoidal external excitation ( ), the equation of motion for this coordinate takes the familiar form of a driven harmonic oscillator:
In Eq. (3), = √ / and m is the effective mass of one prong. The effective mass depends on the fork geometry and for a rectangular cross section prong is predicted to be approximately = 0.243 , where V = T·W·L is the volume, T the thickness, W the width and L the length of the prong and ρq is the quartz density. The effective spring constant k is proportional to the Young's modulus E [15] :
The effective damping constant b arises from internal energy losses, which are low in pure quartz. In actual devices, additional energy loss mechanism arises, for example, from the attached electrodes and from the gas surrounding the QTF. Manufacturing variations or defects among similar QTFs have been demonstrated to strongly affect the b parameter, much more than energy losses due to the quartz mass. In this case, we can correlate the Q factor to the geometric parameter considering that = . Thus, ideally we have:
This formulation allows to evaluate the effects of the geometric parameter on Q theoretic value in the vacuum (Q0) and to estimate the damping parameter b. From Eq. (2) as well as substituting the geometrical and the elastic (with a Young modulus of quartz, E=0.72 •10 11 N/m 2 , and ρq=2650 Kg/m 3 its density) parameters, we obtain solutions for the first two flexural modes (n=1,3) shown in Table  1 . In Fig. 3 are shown two snapshots, which mimic the correlated QTF motion at f1 and f3. The characterization of the QTFs has been carried out by feeding them with a sinusoidal voltage excitation. A wavefunction generator connected to a trans-impedance preamplifier stage (x30) allowed us to perform a frequency scan near the QTF resonance. The electric response of the resonators have been recorded by means of a lock-in amplifier referred to the voltage excitation frequency in a wide range of air pressure (from a few Torr to atmospheric pressure) using a pressure-controlled chamber in which QTFs were inserted. In Fig. 4 shows the data related to the first resonant modes measured at 50 Torr for the four investigated QTFs. By fitting the resonance curves with Lorentzian functions, we can extract the resonance frequencies and the corresponding quality factor Q. The value obtained at 50 Torr are reported in Table 3 . The small discrepancies from the f1 theoretical values, calculated under vacuum conditions (see Table 1 ), are due to damping effects by the ambient gas, dependence of the elasticity modulus of quartz on the crystallographic axes orientation and deviations in geometry between the modeled and the real QTF. Effectively, the presence of damping due to the viscosity of a fluid medium surrounding the QTF modifies eq. (1) as follows:
in which is the damping parameter due to the presence of a gas and is the added mass per unit length, proportional to ρq and thus the pressure of the fluid medium. Consequently, the resonance frequency decreases with increasing gas pressure as:
The damping parameter depends on the pressure as Cd =a√P, where a is a parameter specific for the tuning fork. The influence of the fluid damping on the Q-values can be expressed in terms of the energy loss. Thus, Q(P) can be described as [13] :
where Q0 is the quality factor under vacuum condition. In order to determine this parameter we measured the Q-factor as a function of the pressure behavior of the four QTFs. The results are shown in table 4 where we report also the calculated b parameters by using Eq. 5 and the estimated Q0-values. Note that these b values are related to the damping of the QTFs under vacuum conditions, and thus only to their mechanical properties (and not to gas damping effect). As expected the bigger the size of the QTF, the higher the damping parameter in vacuum. The results obtained from the custom QTF characterization demonstrate that they behave like tuning fork resonators with Q0 values of tens of thousands, thus they can be employed for QEPAS-based gas sensing applications.
CONCLUSIONS
The realization of four custom tuning fork designs with different geometries and sizes was demonstrated for use in QEPAS-based trace gas sensors with improved sensing performance. We increased the QTF prong spacing with respect to a standard QTF up to 800 µm with the aim to use QTF also with poor beam-quality sources (LEDs) and THz laser sources. In addition, we have reduced the QTFs resonance frequency in the range 2.8-14 KHz so that they can be employed with slow relaxing gases without addition of a relaxation promoting gas under stable flow conditions. The next step will be the testing and performance evaluation of the reported new QTFs with reference gases such as ethylene, and nitric oxide. The subsequent design and realization of a micro-resonator system should result in an enhancement of the QEPAS detection sensitivity by at least a factor of magnitude [16] .
